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Cryopreservation is the most promising route for the long-term conservation of recalcitrant seed germplasm. Partial dehydration is a standard
pre-treatment for the cryopreservation of zygotic embryos or embryonic axes excised from recalcitrant seeds since it reduces the likelihood of
lethal ice-crystal generation during cooling. However, there is presently little to no understanding of how pre-conditioning treatments such as
partial dehydration imposed at the embryonic stage are translated or manifested during subsequent in and ex vitro seedling growth. The present
study assessed the vigour of seedlings recovered from partially dried (D) zygotic embryos, excised from recalcitrant Haemanthus montanus
(Baker) seeds. Seedlings recovered from fresh (F) and partially dried (D) embryos in vitro, were hardened-off ex vitro, and subsequently subjected
to either 42 days of watering (W) or 42 days of water deficit (S). The adverse effects of partial dehydration on seedling dry mass accumulation
observed after 60 days in vitro growth did not disappear with an extension of the in vitro growth period but did appear to be reversible during ex
vitro growth. A water stress during ex vitro growth dominated over the effects of embryo pre-treatment with relative growth rates in FS-seedlings
(recovered from fresh embryos and subsequently stressed) and DS-seedlings (recovered from dried embryos and subsequently stressed) being
statistically comparable. D- and F-seedlings responded typically to the water stress but DS-, compared with FS-seedlings, appeared to have
incurred permanent damage to their photosynthetic machinery, were exposed to lower predawn water potentials, were less efficient at adjusting
leaf water potential to meet transpirational demands, did not exhibit signs of osmotic adjustment, failed to adopt growth patterns that reduce
transpirational water loss, and were more susceptible to persistent turgor loss. It was therefore not surprising that ex vitro seedling mortality
occurred in more DS- than FS-seedlings. These results suggest that partial dehydration of recalcitrant H. montanus zygotic embryos, even when
not followed by cooling, can reduce the vigour and drought tolerance of recovered seedlings.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.
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Partial dehydration, in reducing explant heat capacitance and
mass, can facilitate faster cooling rates and reduce the formation
of lethal ice-crystals during the cryopreservation of seed tissues
(Wesley-Smith et al., 2001), and has become a standard pre-
treatment for the cryopreservation of zygotic embryos or
embryonic axes excised from recalcitrant seeds (Pence, 1992;
Sershen et al., 2007; Steinmacher et al., 2007). Seedlings
recovered from partially dehydrated, cryopreserved orthodox
zygotic embryos or embryonic axes have been reported to be⁎ Corresponding author. Tel.: +27 31 2603197; fax: +27 31 2601195.
E-mail address: sershenn@gmail.com (Sershen).
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doi:10.1016/j.sajb.2010.07.015morphologically similar to those generated from control axes,
going on to produce flowers and fruit in the field (Gagliardi et al.,
2002). However, partial dehydration represents a source of
physicochemical damage in recalcitrant zygotic germplasm
(Walters et al., 2001), with a number of studies showing seedlings
recovered from partially dried and/or cryopreserved recalcitrant
zygotic germplasm to exhibit abnormal phenotype (Pence, 1992;
Wesley-Smith et al., 2001) and/or reduced growth (Sershen et al.,
2007; Steinmacher et al., 2007).
There is at present little to no understanding of how stresses
imposed at the embryonic stage are translated or manifested
during subsequent ex vitro seedling growth, in recalcitrant-
seeded species. Reports in orthodox-seeded species suggest that
there exists within developing embryos (zygotic and somatic)ts reserved.
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signals such as duration of imbibition (Forsyth and Van Staden,
1983) and temperature during embryogenesis (Kvaalen and
Johnsen, 2007), which in turn influence adaptive traits in the
seedlings they give rise to. If such a mechanism were to exist
within recalcitrant zygotic germplasm it would have implica-
tions on the design of future plant germplasm cryopreservation
protocols, the ultimate aim of which is to re-introduce healthy,
vigorous, seedlings back into the wild.
Since the success of such re-introduction will depend on the
ability of recovered seedlings to tolerate abiotic stresses such as
drought, most especially during the early seedling establishmentphase, the current contribution assessed the effects of partial
dehydration of zygotic embryos excised from recalcitrant
Haemanthus montanus (Baker) seeds, on subsequent seedling
vigour. Also, based on reports that losses of phenotypic fidelity
in plants recovered from cryopreserved samples are often
temporary (e.g. oil palm polyembryonic cultures (Konan et al.,
2007); sugarcane callus (Martínez-Montero et al., 2002), this
study investigated whether the effects of partial dehydration on
subsequent in vitro seedling growth disappear with an extension
of the in vitro growth period. Seedling vigour was assessed in
terms of physiological and growth responses to an ex vitrowater
stress.2. Materials and methods
2.1. Plant material
Mature H. montanus fruits were harvested in mid-February from a population of approximately 100 parent plants found in
grasslands of the eastern region of South Africa. Parent plants were randomly sampled but care was taken in harvesting no more than
15 fruits from each plant. The fruits were then transported in plastic bags to the laboratory with minimum delay (1–2 days) or water
loss. Upon arrival, the external fruit covering was removed and seeds were decontaminated for 10 min in 1% aqueous sodium
hypochlorite (3:1 dilution of commercial bleach) and left to dry back to their original mass on paper towel, at ambient temperature.
The seeds were then dusted with Benlate, a surfactant fungicide, (active ingredient: benomyl [benzimidazole], Dupont, USA), and
stored ‘moist’ (i.e. in a monolayer on a grid suspended approximately 200 mm above sterile, moistened paper towel that lined the
base of individual buckets which sealed with lids), at 6 °C.
2.2. Embryo partial dehydration, in vitro recovery and growth assessment
All experiments were carried out on seeds stored for between 7 and 10 days, never longer. Zygotic embryos were excised and
collected within closed Petri dishes on filter paper moistened with sterile calcium-magnesium solution (CaMg solution: 1:1 solution
of 0.5 μM CaCl2.2H2O and 0.5 mM MgCl2.6H2O (Mycock, 1999)), before rapid dehydration via flash drying (devised by Berjak et
al., 1990) for various times. At each drying interval, water content (WC) of 10 embryos was determined gravimetrically and
expressed on a dry mass basis while 20 embryos were rehydrated, decontaminated with 1% (w/v) aqueous calcium hypochlorite for
3 min, washed with sterile CaMg solution (3 times) and then set to germinate with 5 embryos per Petri dish on full-strength
Murashige and Skoog medium (Murashige and Skoog, 1962), containing 3% (w/v) sucrose. All Petri dishes were initially placed in
the dark, and transferred upon signs of root and shoot development to a growth room with cool fluorescent lights (52 μE s−1 m−2)
and a 16 h photoperiod, at ~25 °C. Embryos were grown in vitro for 60 days with one sub-culture at 30 days and a sample of those
that subsequently produced seedlings with normal (i.e. callus free) roots and shoots were assessed for dry mass accumulation. For
this, 5 seedlings from each drying interval were oven-dried individually for 72 h at 80 °C to a constant weight, for dry mass
estimation.
For recalcitrant amaryllid zygotic germplasm, optimum WCs for successful cryopreservation are generally in the range of
0.40–0.25 g/g (Sershen et al., 2007). So, for subsequent experiments 250 zygotic embryos were rapidly dehydrated to c.
0.28 g/g, rehydrated, decontaminated and, together with a second batch of 250 freshly excised embryos (WC of c. 6.63 g/g),
recovered in vitro. These embryos were recovered in vitro for 90 days with two sub-cultures (one at 30 days and one at
60 days). Of those that subsequently produced seedlings with normal (i.e. callus free) roots and shoots, 6 from each treatment
were separated into bulb, leaves and roots and oven-dried for 72 h at 80 °C, to a constant weight for dry mass estimation. The
remaining seedlings were directed towards the ex vitro studies; however, to validate the comparison of physiological
measurements between F-seedlings (those recovered from fresh embryos) and D-seedlings (those recovered from partially
dried embryos) in these studies, we had to ascertain whether D- and F-seedlings were at the same developmental, as opposed
to culture, age after 90 days in vitro growth. “Ageing” plants by their morphology rather than chronological time using the
leaf plastochron index (LPI) (originally described by Erickson and Michelini, 1957) provides an effective, non-destructive,
method of estimating leaf age under normal stable growth conditions (Groot and Meicenheimer, 2000) and was employed here
to compare leaf age between D- and F-seedlings after 90 days in vitro growth. H. montanus seedlings generally produced two
leaves by day 85 of in vitro recovery. Leaf 1 and 2 (numbered in the order that the leaves were produced) length was
measured for five D- and F-seedlings on day 85 using calipers, and then again on day 90. These data suggested that growth
had not leveled-off and leaf length in both treatments was still actively increasing during this period (data not shown). With
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F-seedlings, according to Erickson and Michelini (1957) using Eq. (1):
PI ¼n + lnLn tð Þ−lnλð Þ= lnLn tð Þ−lnLn + 1 tð Þ½  ð1Þ
where n is the position number for the smallest leaf (which in this case was leaf 2) that is greater than or equal to the
reference length λ; λ is designated as a leaf length of 1.0 cm during the exponential growth stage, and Ln (t) is the length of
leaf n at time t. The mean leaf plastochron index (LPI) for leaf 1 was then calculated using Eq. (2):
LPI1 = PI−1 ¼n−1þ lnLn tð Þ−lnλð Þ= lnLn tð Þ−lnLn + 1 tð Þ½  ð2Þ
When calculated, mean LPI1 in F-seedlings (−10.99±1.81) was statistically comparable to that of D-seedlings (−10.24±1.63)
(pN0.05, ANOVA; data not shown), suggesting that D- and F-seedlings were at approximately the same developmental age upon
introduction to ex vitro conditions (i.e. day 91).
2.3. Ex vitro experimental design
After 90 days in vitro growth, 190 randomly selected seedlings generated from partially dehydrated embryos, and a further 190
randomly selected seedlings that had been recovered from freshly excised (F) embryos, were transplanted independently into plastic
inserts, filled with a mixture of 1 part pine bark, 1 part potting soil, and 1 part coarse river sand, and placed in a misthouse for 14 days
to harden-off. Seedlings subjected to hardening-off were then directed towards the ex vitro studies, where seedlings (still within
plastic inserts) were transferred to natural conditions of illumination in a polycarbonate-clad greenhouse. After 7 days (111 days
since embryo excision) D- and F-seedling groups were sub-divided in two batches of 95 seedlings each, with one batch being
subjected to a water stress for 42 days, by with-holding water, while the second batch were watered daily (with 5 ml of water) for
42 days. From here on, when the labels ‘F’ or ‘D’ are followed by the letter ‘S’ it refers to seedlings exposed to a water stress while
the letter ‘W’ indicates the absence of this stress. CO2-assimilation, potential photochemical efficiency as well as leaf water, osmotic
and pressure potential were measured across all embryo pre-treatment×watering regimes (referred to as ‘all treatments’ from here
on) on days 0, 12, 29 and 39, while growth responses (seedling dry mass and biomass partitioning) and leaf chlorophyll content were
assessed after 90 days in vitro growth and after 63 days ex vitro growth (that is, 42 days after the initiation of the stress treatment).
2.4. Photosynthetic capacity
2.4.1. Chlorophyll content
Chlorophyll (chl) content was measured at the final harvest (day 42) using one leaf from each of 4 seedlings (only living leaf
material sampled), across all treatments. After determining their fresh weight (FW) individual leaves were ground in a pestle and
mortar with LN and chlorophyll immediately extracted in 5 ml of 80% acetone, in the dark (after Arnon, 1949). After 6 h, the
leachate was filtered and its absorbance read at 663 nm for chl a and 645 nm for chl b (after Arnon, 1949). Chlorophyll a, b and total
chl content were thereafter expressed on a FW basis.
2.4.2. Steady-state gas exchange
All gas exchange measurements were carried out using the Li-Cor 6400 portable photosynthesis measuring system, fitted with an
Arabidopsis chamber and configured as an open system (Li-Cor, Nebraska, U.S.A.). On experimental days 0, 4, 12, 29 and 39,
instantaneous (spot) measures of leaf-based CO2-assimilation rates (A) were carried out at Ca: 400 μmol/mol and then at above ambient
Ca: 600 μmol/mol, across all treatments. Measurements were carried out around midday, on non-senescing leaves and under natural
illumination. For each treatment, three consecutive measurements were taken for one leaf from each of 7 seedlings, when the total
percentage coefficient of variance [% Δ H2O; ΔCO2; Δ flow rate] was b1%. The mean of these three measurements yielded the final
reading for that leaf. Only valuesmeasured at a photosynthetic photon flux density (PPFD) N800 μmolm−2 s−1 (i.e. light saturated) were
used for subsequent analyses.
The ratio between A at Ca: 600 and 400 μmol/mol, referred to as ‘A@600 : A@400’ from here on, was also calculated. This ratio has
been used to assess the effects of water stress on A in other studies (Osmond et al., 1980), since the response of A to changing Ca is
believed to be a reliable indication of stomatal limitation of A (Cornic et al., 1983); a higher ratio being indicative of greater stomatal
limitation.
2.4.3. Potential photochemical efficiency
On experimental days 0, 4, 12, 29 and 39, a Plant Efficiency Analyser (Hansatech Instruments Ltd., Kings Lynn, U.K.) was used to
measure chlorophyll fluorescence transients on one fully expanded, non-senescing, mature leaf from each of 6 seedlings, across all
treatments. After samples were dark adapted for 20 min, transients were induced by red light of 1500 μmol m−2 s−1 generated by six
light-emitting diodes (peak 650 nm). These diodes covered the exposed area of the leaf (4 mm in diameter) in homogenous illumination
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thereafter. Fv/Fm, the ratio of variable (Fv) to maximum fluorescence (Fm), is a measure of potential photochemical efficiency of
photosystem II (PSII) and was calculated from the fluorescence data using Biolyzer 3.0 software (developed byMaldonado-Rodriguez,
2002).
2.5. Leaf water status
2.5.1. Leaf water, osmotic and pressure potential
On experimental days 0, 4, 12, 29 and 39, leaf water potential (Ψw) measurements were carried out at predawn (pd) and 5–6 h into
the light period (md) using thermocouple psychrometers (Model C-52; Wescor, Logan, U.S.A.) in combination with a
microvoltmeter. For this, leaf discs were excised from the middle of one fully expanded, non-senescing, mature leaf from each of 4
seedlings, across all treatments, and Ψw recorded after a pre-determined equilibration period. The microvoltmeter was calibrated
against NaCl standards, at 25 °C, and a cooling period of 20 s was used to measure the dew point. The difference between pdΨw and
md Ψw, referred to as ‘pd-md’, was also calculated. pd-md Ψw reflects the extent to which md Ψw is lowered from that at pd, to
generate theΨw gradient between soil and leaf to drive water through the plant and hence meet the transpirational demand during the
light period.
AfterΨw was determined, leaf samples were wrapped in at least four layers of Parafilm™ (American National Can) covered with
aluminium foil and plunged repeatedly into LN for 30 s intervals, over a period of 5 min. After thawing, samples were unwrapped,
placed immediately into C52 sample chambers and Ψw recorded. If apoplastic water is negligible, Ψw after cooling and thawing of
tissue in this way is generally regarded as the ‘osmotic’ potential (Ψs), or water activity (Jones and Rawson, 1979). Pressure potential
(Ψp) was calculated as the difference between osmotic and water potential.
2.6. Ex vitro growth response
After the in vitro and ex vitro growth periods, six seedlings from each treatment were separated into bulb, leaves and roots and
oven-dried for 72 h at 80 °C to a constant weight. Relative growth rate (RGR) was calculated via Eq. (3) below:
RGR =
individual seedling dry mass after 63 d ex vitro growth gð Þ−mean seedling dry mass after 90 d in vitrogrowth gð Þ½ 
mean seedling dry mass after 90 d in vitro growth gð Þ = 63 dð Þ
2.7. Statistical analysis
Leaf plastochron and in vitro biomass data were compared between treatments by one-way Analysis of Variance (ANOVA;
SPSS, Version 15). All other variables were tested for differences across treatments, within time intervals, by two-way ANOVA.
Two-way ANOVAs were factorial in design, testing for the main-effects of embryo pre-treatment (referred to as ‘Embryo’) and water
stress (referred to as ‘Stress’), as well as the interaction between these (referred to as ‘Embryo×Stress’) (STATISTICA Version 6.1,
StatSoft Inc. Tulsa, U.S.A.). Multiple comparisons were made using a Scheffe's mean separation test. Where the original data was
expressed as a proportion (%) these values were arcsin transformed to conform data to ANOVA assumptions. At the end of the in
vitro and ex vitro growth periods embryo/seedling viability (%) was compared across all treatments using null-model chi-squared
analyses (EcoSim Version 7.72 (developed by Gotelli and Entsminger, 2009)). All statistical tests were performed at the 0.05 level of
significance.3. Results3.1. Zygotic embryo water content vs. seedling biomass after
60 days in vitro growth
Freshly excised embryos had a shedding WC of c. 6.13 g/g
and seedlings generated from such embryos (F-seedlings)
exhibited a biomass of c. 0.033 g after 60 days in vitro growth
(Fig. 1). With dehydration to an embryo WC of 0.79 g/g,
subsequent seedling biomass was significantly reduced and the
severity of this reduction increased with a further decline in
embryo WC. For instance, embryo dehydration to 0.28 g/g
reduced subsequent seedling biomass by 48% to c. 0.017 g,while further dehydration to 0.11 g/g, reduced seedling biomass
by 63% to c. 0.012 g.3.2. Growth responses after 90 days in vitro growth
While 84% of zygotic embryos dehydrated to c. 0.28 g/g
produced seedlings after 90 days in vitro growth, 96% of
F-embryos (i.e. undried embryos) produced seedlings after a
similar in vitro growth period (data not shown). Total biomass
of D-seedlings was significantly lower than F-seedlings after
90 days in vitro growth (Fig. 2.). Bulb, leaf and root dry mass
were relatively lower in D-seedlings (significant for leaves and
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Fig. 1. Drying time, embryo water content and total dry mass of recovered
seedlings. Dry mass was assessed for individual seedlings after 60 days in vitro
growth. Water content (n=10) and biomass values (n=5) represent mean±SD.
Columns labelled with different letters are significantly different across
treatments (pb0.05, ANOVA, n=5).
Table 1
Ex vitro seedling relative growth rate (RGR; g g−1DM d−1).
FW 0.018±0.024ab
DW 0.032±0.017a
FS -0.001±0.008b
DS 0.009±0.016b
RGR=relative growth rate ([Individual seedling dry mass after 63 d ex vitro
growth (g) – Mean seedling dry mass after 90 d in vitro growth (g) /Mean
seedling dry mass after 90 d in vitro growth (g)] /63 d) for seedlings generated
from fresh (F) and partially dried (D) embryos, subjected to watering (W) or water
deficit (S). Values represent mean±SD and are significantly different when
followed by different letters (pb0.05 for Stress and Embryo, ANOVA, n=6).
197Sershen et al. / South African Journal of Botany 77 (2011) 193–202roots; Fig. 2.) but biomass partitioning to different organs did
not differ significantly between treatments (Fig. 2.).3.3. Ex vitro growth responses
Except for FS-seedlings, all treatments exhibited positive
relative growth rate (RGRs) (Table 1). Relative growth rate was
greater in unstressed seedlings but this trend was significant for
D-seedlings only. Within the stressed treatments RGR was
higher in D-seedlings, but not significantly so.
Total seedling dry mass and bulb dry mass in unstressed
seedlings were greater than stressed ones but this trend was
significant for F-seedlings only (Fig. 3A). Leaf biomass in FW-
seedlings was also significantly higher than FS-seedlings
(Fig. 3A). Within the unstressed treatments, biomass partition-
ing to leaves was significantly lower in D-seedlings, however,
biomass partitioning to leaves in DS-seedlings was significantly
higher than DW-seedlings (Fig. 3B). Biomass partitioning to
bulbs in D-seedlings was also slightly, but not significantly,
lower when stressed (Fig. 3B).0.00
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Fig. 2. [Blocks] Total and organ-based biomass and [Percentages] biomass
partitioning for seedlings generated from fresh (F) and partially dried (D)
embryos after 90 days in vitro growth. Blocks and percentages labelled with
different lower-case letters are significantly different when compared within
organs, while upper-case letters indicate inter-treatment differences in total
seedling dry mass (p=0.01, ANOVA, n=6). Bars represent SD.3.4. Plant water relations
3.4.1. Leaf water, osmotic and pressure potential
Water, osmotic and pressure potential data were tested for
differences across treatments, within a measurement day. On day
0, embryo pre-treatment had no significant effect on predawn (pd)
Ψw, the difference between pd and midday (md)Ψw (pd-mdΨw)
(Fig. 4.), Ψs (Fig. 5) or Ψp (Fig. 6).
After day 12 pdΨw in DW-seedlings was consistently, but not
significantly, slightly lower than FW-seedlings (Fig. 4A). Water
stress depressed pd Ψw in stressed seedlings, relative to their
respective unstressed controls, but this trend was significant on
day 39 only (Fig. 4A, B). Pre-dawn Ψw in DS-seedlings was
lower than FS-seedlings on day 39 (Fig. 4A). In FS-seedlings,
pd-mdΨw was often higher than DS- and FW-seedlings but this
trend was not significant (Fig. 4B).
Except that pd Ψs in FS-seedlings was consistently lower
than FW-seedlings throughout the experimental period, Ψs
displayed no consistent trends across or within treatments
throughout the experimental period (Fig. 5).
Within the unstressed treatments,Ψp exhibited no consistent
trends (Fig. 6). During the stress pd Ψp in DS-seedlings was
progressively depressed relative to DW-seedlings (Fig. 6A),
suggesting the onset of permanent turgor loss. This trend was
also observed at md, but significant on day 29 only (Fig. 6B.).
During this time, Ψp in FS-seedlings was occasionally slightly,
but never significantly, lower than FW-seedlings. Predawn and0.00
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partitioning for seedlings generated from fresh (F) and partially dried (D)
embryos, subjected to watering (W) or water deficit (S). Blocks and percentages
labelled with different lower-case letters are significantly different when
compared within organs, while upper-case letters indicate inter-treatment
differences in total seedling biomass. For [A]: total dry mass: p=0.001 for
Stress; bulb: p=0.002 for Stress; leaves: p=0.003 for Stress and for [B]: leaves:
p=0.02 for Embryo×Stress (ANOVA, n=6).
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seedlings recovered from fresh (F) and partially dried (D) embryos, subjected to
watering (W) or water deficit (S). Columns labelled with different letters are
significantly different when compared within experimental days (pdΨs: pb0.01
for Stress on days 4 and 39 and for Embryo×Stress on day 12, ANOVA, n=4).
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potential difference (pd-md) of seedlings recovered from fresh (F) and partially
dried (D) embryos, subjected to watering (W) or water deficit (S). Columns
labelled with different letters are significantly different when compared within
experimental days (pd Ψw: p=0.01 for Stress and p=0.004 for Embryo on day
39, ANOVA, n=4). Bars represent±SD.
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FS-seedlings.3.5. Photosynthetic characteristics
3.5.1. Leaf chlorophyll content
Embryo pre-treatment did not affect leaf chl content
significantly but chl a, b and total leaf chl content in stressed
seedlings were significantly lower than their respective
unstressed controls, at the final harvest (Fig. 7).3.5.2. CO2-assimilation
On day 0, and throughout the experimental period leaf-based
CO2-assimilation rates (A) at Ca: 400 μmol/mol in D-seedlings
were significantly lower than F-seedlings, for both stressed and
unstressed treatments (Fig. 8). Water stress significantly
depressed A in DS- and FS-seedlings, relative to their respective
unstressed controls, throughout the experimental period. The
ratio A at Ca: 600 μmol/mol: A at Ca: 400 μmol/mol (A@600:
A@400), and hence the degree of stomatal limitation of A, in
D-seedlings was significantly higher than F-seedlings in the
absence of a stress but consistently significantly lower when
stressed (Table 2.). A@600:A@400 in FS-seedlings was also
consistently significantly higher than FW-seedlings (Table 2).3.5.3. Chlorophyll fluorescence
Within the unstressed treatments there was little, to no
difference in potential photochemical efficiency of PSII (Fv/Fm;
Fig. 9A), maximal fluorescence intensity (Fm; Fig. 9B) and
fluorescence intensity at 50 μs (Fo; Fig. 9C). Values of Fv/Fm in
DS-seedlings were consistently lower than DW-seedlings (signif-
icant on day 39 only) and on day 39 this was accompanied by a
significant decline inFm.Fv/Fm inDS-seedlingswas also relatively
lower than FS-seedlings on days 4, 12, 29 and 39 (significant on
day 39 only). Fv/Fm in FS-seedlings was occasionally slightly, but
not significantly, lower than FW-seedlings.
3.6. Seedling mortality
When unstressed, seedling mortality did not differ by much
between embryo pre-treatments (Table 3). Mortality was
significantly higher in stressed seedlings; within the stressed
treatments mortality was significantly higher in DS-seedlings
(Table 3).
4. Discussion
There are differences among species in growth and
developmental responses of plantlets or seedlings recovered
from partially dried zygotic embryos or embryonic axes with
some, particularly those of orthodox-seeded species, showing
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trant-seeded species, exhibiting reduced growth and develop-
ment rates (see Introduction for details). Even though partial
dehydration is widely used as a pre-conditioning treatment in
cryopreservation protocols for zygotic germplasm (see Engel-
mann, 2004), information on how dehydration stresses imposed
at the embryonic stage are translated or manifested during
subsequent seedling growth is scarce. There are a few studies0.0
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Fig. 7. Leaf chlorophyll content of seedlings recovered from fresh (F) and
partially dried (D) embryos, subjected to watering (W) or water deficit (S).
Chlorophyll content was measured only at the end of the ex vitro growth period.
Columns labelled with different letters are significantly different when
compared within categories (p=0.04 for Stress, ANOVA, n=4). Bars
represent±SD.(Gagliardi et al., 2002; Steinmacher et al., 2007) in which the ex
vitro growth of plants derived from partially dried zygotic
germplasm has been reported; however, those studies were
almost always based on phenotypic descriptions and there are
presently few, if any published reports on the physiological
performance of seedlings or plantlets recovered from partially
dried or cryopreserved zygotic embryos or embryonic axes. The
present contribution reports on the in and ex vitro growth of
seedlings recovered from partially dried embryos of the wild
species H. montanus. Since seedlings derived from cryopre-
served zygotic germplasm of such species are unlikely to be
carefully tended upon re-introduction to the wild and will be
subject to the vagaries of the weather, the effects of embryo
partial dehydration on subsequent ex vitro seedling vigour are
important. This was assessed here by observing physiological
and growth responses of recovered seedlings to an ex vitrowater
stress.
4.1. Growth responses
The poor in vitro vigour of H. montanus seedlings recovered
from D- compared with F-embryos (Fig. 1) is in accordance
with the results of other studies (Sershen et al., 2007;
Steinmacher et al., 2007) which suggest that partial dehydration
of recalcitrant zygotic germplasm, can induce morphologicalTable 2
Ratio of CO2-assimilation rate at Ca: 600 μmol mol
−1 to CO2-assimilation rate at
Ca: 400 μmol mol
−1.
Day FW DW FS DS
0 2.04±0.24a 2.76±0.64a NA NA
4 1.70±0.12b 2.11±0.14a 2.06±0.25a 1.61±0.06b
12 1.59±0.11b 2.03±0.15a 2.32±0.16c 1.91±0.24a
29 1.59±0.34a 2.13±0.30b 2.48±0.28b 1.65±0.06a
39 1.05±0.41a 2.04±0.23b 2.46±0.30b 1.58±0.26a
Ratio was calculated for seedlings recovered from fresh (F) and partially dried
(D) embryos, subjected to watering (W) or water deficit (S). Values followed by
different letters are significantly different when compared within a measurement
day (pb0.01 for Embryo×Stress on days 4, 12, 29 and 39, ANOVA, n=7).
Values represent mean±SD. NA=not applicable.
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The adverse effects of partial dehydration on seedling biomass
accumulation observed after 60 days in vitro growth (Fig. 1) did
not disappear with an extension of the in vitro growth period
(Fig. 2). These effects were not isolated to any particular organ
but were most apparent at the shoot level, possibly compro-Table 3
Total seedling mortality over the entire ex vitro growth period.
Treatment FW DW FS DS
% Mortality 5 7 25 41
Seedlings were generated from fresh (F) and partially dried (D) embryos and
subjected to watering (W) or water deficit (S). pb0.05 when values were
compared across treatments (null model chi-squared test, n=95).mising light-harvesting capacity of D-seedlings upon introduc-
tion to the ex vitro environment. The final biomass achieved
during the ex vitro growth period (Fig. 3) could be a
consequence of either or both ex vitro growth rates or the
amount of material at the start of this growth phase. To assess
this, RGRs (relative to the dry mass at the end of the in vitro
growth period) were calculated. The adverse effect of embryo
partial drying observed during the in vitro growth phase
appeared reversible during subsequent ex vitro growth
(Table 1). However, a water stress during this period dominated
over the effects of embryo pre-treatment, with RGRs in DS- and
FS-seedlings being statistically comparable. Reduced growth in
droughted seedlings (Frensch and Hsiao, 1994; Hsiao, 1973)
has been variably attributed to a reduction in leaf Ψw, turgor
loss (Frensch and Hsiao, 1994; Hsiao, 1973) and/or a reduction
in the photosynthetic uptake of carbon (Katul et al., 2003); all of
which were observed here (see Figs. 4. and 6. for Ψw and Ψp
respectively and Fig. 8. for A). Interestingly, FS- unlike
DS-seedlings exhibited a negative RGR. This was most likely
a consequence of drought-induced root and leaf senescence in
FS-seedlings, since final values for root and shoot dry mass in
this treatment (leaf: 0.018 g; root: 0.016 g) were both lower than
initial values (leaf: 0.022 g; root: 0.045 g). The leaf senescence
observed in FS-seedlings is consistent with typical geophytic
growth strategy which selects for bulb increment during a stress
event, since survival in the season following dormancy is
determined by the reserves stored in this organ, while leaf area
is progressively reduced via shoot die-back to reduce the
transpirational demand on the roots (Von Willert et al., 2000).
Additionally, roots produced in vitro are often dysfunctional
and usually senesce, being replaced with new roots during ex
vitro growth (Barry-Etienne et al., 2002). This replacement
process may have been more a feature of FS- than DS-seedling
growth strategy since FS-seedlings entered the ex vitro growth
phase with considerably more root dry matter than DS-seedlings
(Fig. 2A).
4.2. Plant water relations
Water stress is usually quantified in terms of the extent to
which tissue Ψw falls below that at full turgor (Fitter and Hay,
2002) and pd Ψw was indiscriminately reduced in stressed
seedlings in this study (Fig. 4A). Such a decrease is often
initiated to increase the Ψw gradient between soil and plant and
drive water through the plant (Galmés et al., 2007). The
decrease inΨw in stressed seedlings was significantly greater in
D-seedlings, and DS- unlike FS-seedlings, did not exhibit any
signs of long-term osmotic adjustment, reflected in a decrease in
Ψs in FS-seedlings relative to its well watered control (Fig. 5).
Many species exhibit a decrease in Ψs during a water stress to
maintain turgor at lowΨw (Galmés et al., 2007). However, such
an adjustment demands considerable metabolic investment and
the absence or poor expression of this response in DS-seedlings
may have been a consequence of the relatively lower A (Fig. 8)
in D-seedlings. Pd-md Ψw values in FS-seedlings were often
higher than FW- and DS-seedlings, suggesting that FS-
seedlings may have been more efficient than DS-seedlings at
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transpirational demands. Failure to equilibrate with soil Ψw
overnight can severely depress Ψw in droughted seedlings
(Fitter and Hay, 2002) and prolonged exposure to such low Ψw
can be extremely stressful in juvenile plants (Hsiao, 1973). This
may explain why DS-seedlings exhibited greater and more
prolonged turgor loss than FS-seedlings (Fig. 6); prolonged
turgor loss is indicative of permanent leaf-wilting and is
associated with cell plasmolysis and membrane rupture (Galmés
et al., 2007; Leopold et al., 1981).
In the absence of a stress there were no significant
differences in the measured water relations parameters between
F- and D-seedlings, indicating that the effects of partial drying
of excised embryos were reversible in the long-term (Figs. 4 and
6).
4.3. Photosynthetic characteristics
The light-energy transducing system of a plant is sensitive to
tissue water status and a decrease in chl content after a drought
often results in a decrease in light harvesting capacity (Alberte
et al., 1974). In H. montanus chl content decreased indiscrim-
inately in stressed seedlings (Fig. 7); this may explain the
drought-induced reduction in A observed in these seedlings
(Fig. 8). Additionally, a reduction in A during a drought event
(Flexas et al., 2006; Hsiao, 1973) is generally attributed to a
restriction of leaf gas exchange, mediated by the closure of
stomata during turgor loss (Galmés et al., 2007; McDowell et
al., 2008). As discussed earlier, stressed seedlings in this study
did exhibit a significant decrease in Ψp (Fig. 6).
Interestingly, A in D-seedlings was significantly lower than
F-seedlings, irrespective of whether they were stressed or not
(Fig. 8). These differences were unlikely to have been related to
differences in leaf chl content (Fig. 7). In the absence of a stress
the ratio A@600 : A@400 (taken as a measure of stomatal
limitation) in D-seedlings was significantly greater than
F-seedlings (Table 2), suggesting that the significantly lower
A in D-seedlings may have been a consequence of stomatal
limitation. However, when subjected to a water stress stomatal
limitation was greater in F-seedlings. These data suggest that
the reduction of A in DS-seedlings was, to some degree, a
consequence of damage to the photosynthetic machinery. Plants
can incur permanent damage to their photosynthetic machinery
during a water stress (Flexas et al., 2006) and as in other studies
(Govindjee et al., 1981), DS-seedlings may have incurred such
damage as a consequence of the plasmolysis, metabolic
disruption and membrane rupture associated with prolonged
turgor loss (Leopold et al., 1981). Such damage depresses
photosynthesis (Radin and Ackerson, 1981) and phytochemical
efficiency (Govindjee et al., 1981) and consistent with this,
Fv/Fm values in DS-seedlings declined significantly towards the
latter stages of the stress (Fig. 9). Other studies (Rolando and
Little, 2003) have also reported a depression in Fv/Fm in
droughted seedlings and such a decrease is believed to be a
reliable indicator of a reduction in seedling vigour (Maxwell
and Johnson, 2000). A depression in Fv/Fm is often related to a
rise in Fo (fluorescence intensity at 50 μs) and/or a decrease inFm (maximal fluorescence intensity) (Rolando and Little,
2003). The former was not observed here, but Fm did decline
significantly on day 39 in DS-seedlings (Fig. 9B).
4.4. Seedling mortality
In the absence of a water stress D-seedlings did not appear to
be more susceptible to mortality than F-seedlings (Table 3) and
under such ideal conditions the significantly higher RGRs in
D-seedlings (Table 1) may assist D-seedlings in overcoming the
adverse effects of dehydration, aiding successful seedling
establishment. The decrease in Ψw in stressed seedlings was
typically (see McDowell et al., 2008) accompanied by greater
seedling mortality than their respective well watered controls
(Table 3). Drought-induced seedling mortality was, however,
significantly higher in DS-seedlings, possibly due to the
combination of insufficient adjustment of Ψw to meet
transpirational demands (Fig. 4), a failure to adopt growth
patterns that reduce transpirational water loss (Fig. 3), exposure
to significantly lower pd Ψw than FS-seedlings (Fig. 6.5), poor
osmotic adjustment (Fig. 5), and the onset of permanent leaf
wilting (Fig. 6); all of which promote hydraulic-failure (see
McDowell et al., 2008) in juvenile plants (Hsiao, 1973). The
influence of carbon-starvation (i.e. stomatal closure to prevent
hydraulic failure) cannot be ruled out, since Fv/Fm (Fig. 9A)
also declined in DS-seedlings, but carbon-starvation is after all
believed to be hydraulically driven (McDowell et al., 2008).
5. Concluding remarks
The results obtained here suggest that the exposure of
recalcitrant H. montanus embryos to a dehydration stress can
compromise the vigour and drought tolerance of recovered
seedlings. While certain adverse effects of partial dehydration
may be reversed during ex vitro growth (e.g. higher RGR) the
adverse effects on physiological components, such as the
photosynthetic machinery, may be carried through to the early
ex vitro stage. An extended period of ex vitro acclimatization
before re-introduction of such seedlings into the wild may
alleviate such effects, but this remains to be tested. The results
obtained here warrant an investigation of the effects of
recalcitrant embryo cryopreservation on the vigour of recovered
seedlings; this forms the basis of studies planned for the
immediate future.
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